Image-guided locoregional therapies (LRTs) have long been a vital part of treatment regimens for hepatocellular carcinoma (HCC). Ablation, chemoembolization, and radioembolization are examples of commonly used treatment techniques for HCC. This review describes the various methods utilized to treat HCC in the field of interventional oncology and also focuses on new and novel treatment concepts being developed in the field including the use of novel immunotherapy agents and combination therapy of LRTs with immunotherapy.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and is currently the third most common cause of cancer-related mortality [1, 2] . Multidisciplinary tumor management is the standard of care and depends on tumor stage, patient performance status, and liver function at the time of diagnosis and treatment. Standard of care is early resection for those patients who are eligible for surgery and fall within the Barcelona Cancer of the Liver Clinic (BCLC) staging system [3, 4] . Meeting Milan criteria is generally required before patients are deemed suitable for orthotopic liver transplant [5] . those tumors less than 3 cm showed equal survival rates between RFA and surgically resected lesions.
Chemical ablation with percutaneous absolute ethanol injection is also still utilized, mainly in those lesions where RFA is not feasible due to proximity of vital structures [13] . The ethanol causes coagulative necrosis via dehydrated fixation and results in death of tumor cells. Optimum results have been observed when lesions are less than 2 cm in diameter [14, 15] .
Another common form of ablation is cryoablation. Temperatures of -20 to -60 ° C are applied to target tumor tissue with resulting tissue damage. An advantage of cryoablation is the decreased rates of gallbladder or bowel injury and less painful stimuli in those lesions located close to the diaphragm [16] [17] [18] . Studies have now shown that despite cryoablation not allowing for postablation tract cautery, there is a comparable risk of bleeding when hemostatic agents are used [19] . The rates of survival seen after cryoablation are also similar to RFA, with one study estimating 81.4 and 60.3% survival at 1 and 3 years, respectively [20] .
Microwave ablation can also be used in treating HCC by increasing the thermal temperature of surrounding tissues, causing coagulative necrosis and resulting cell death [21, 22] . The efficiency of microwave ablation allows for increased volume of necrosis, better vessel coagulation, and decreased ablation times [22] . Introduction of second-generation microwave ablation technology over the past 5 years has yielded better consistency across ablations, larger ablation zones, and increased sphericity. This is made possible by the addition of an internal cooling agent, usually water or gas, within the probes [23] . In comparing the effectiveness of microwave ablation and surgical resection, one study showed that the survival rates at 1-, 3-, and 5-year follow up was 91.2, 72, and 59.8%, respectively. Here, the 5-year survival rate was shown to correspond with survival seen with surgical resection [24, 25] . Multiple studies focusing on lesions less than 3 cm in size showed no significant difference in survival or effectiveness between microwave ablation and surgical resection [26, 27] . In the comparison of microwave ablation and RFA, Zhang et al. [28] looked at the effectiveness of treatment in lesions up to 5 cm in size. A complete response was seen in 86.7% of microwave ablation lesions, as compared to the 83.4% response seen in RFA-treated lesions. However, another study by Potretzke et al. [29] showed significant superiority of microwave ablation when compared to RFA in that microwave ablation yielded lower local tumor progression.
Irreversible electroporation (IRE) is the most recent trend in ablation treatments of HCC lesions. The mechanism of cell death includes the creation of nanopores in tumor cell membranes by high-voltage electric currents [30] . As a nonthermal ablative option, IRE can be utilized in those lesions located centrally in the liver and also in those lesions located near vital structures [31, 32] . Varying response rates have been reported following IRE, with 73 and 82.3% complete response rates being recorded in 2 small cohort trials [33, 34] . However, Cheung et al. [33] recorded a 93% complete response after IRE when specifically treating tumors less than 3 cm in size.
High-intensity focused ultrasound (HIFU) involves multiple transducers focusing ultrasound beams on an individual lesion with resulting tumor tissue being destroyed by vibrational heat energy [35, 36] . As this is still an early modality in the treatment of HCC, little has been published on HIFU in comparison to other ablative treatments. One study did compare TACE alone and in combination with HIFU. The combined group showed increased OS (overall survival) and disease-free survival [37] . More research is needed to truly consider the utility of HIFU in the treatment of HCC lesions.
Another novel ablation technique in the field of HCC treatment is laser ablation. Electrical energy is transformed into light energy, which causes target tissue to heat up and results in cell death [38] . One study by Ferrari et al. [39] showed that laser ablation, when compared with RFA, has similar OS and time to tumor recurrence. More research is needed in the areas of both laser ablation and HIFU in the treatment of HCC lesions moving forward.
Vascular Interventions
The vasculature of HCC presents a unique treatment paradigm in that most of the lesions are perfused by the hepatic artery as compared to the rest of healthy liver tissue, which gets it supply from both the portal vein and the hepatic artery [40] . This presents a unique opportunity for transarterial vascular interventions in the treatment of HCC.
Hepatic artery infusion chemotherapy (HAIC) is available as a potential localized vascular intervention and consists of injecting high concentrations of chemotherapy via the hepatic artery in either bolus injections or continuous infusion [41] . A number of studies have shown survival benefits, though data are sparse and no randomized trials yet exist [42] [43] [44] .
Bland hepatic artery embolization yields tumor tissue ischemia by using microspheres alone to embolize the vasculature perfusing the tumor tissue. In comparison studies that looked at bland embolization versus embolization with drug-eluting beads (DEB), Malagari et al. [45] showed that there was no significant difference in OS despite showing a decreased time to progression and improved response in the DEB group. Another randomized control trial showed no difference in response, progression, or OS when bland embolization was compared with chemoebolization [46] . TACE has long been held as one of the standards of care for HCC patients undergoing treatment. It is commonly used in intermediate-stage disease and has been proven in multiple studies to yield significant survival advantage [47] [48] [49] . The delivery of chemotherapy along with embolization of tumor vessels increases the concentration of drug delivered to the lesion and has the added benefit of decreasing systemic chemotherapy side effects [50] .
Conventional TACE (cTACE) consists of delivering lipiodol along with the chemotherapy of choice, most commonly doxorubicin or cisplatin. Subsequently, the same vessel is embolized to disallow chemotherapy washout and to concurrently achieve ischemia of the tumor tissue ( Fig. 2) [51] . Current European Association for the Study of Liver guidelines indicate that TACE is the current first-line therapy for patients with intermediate BCLC Stage B HCC [52] . Llovet and Bruix [49] showed that those patients receiving TACE had increased survival as compared to those receiving supportive therapy alone. TACE has also been used to downstage patients to within liver transplant criteria. Yao et al. [53, 54] looked at the use of LRTs, including TACE, and their success in downstaging patients to within transplant criteria and subsequent improved survival after transplant. The same group, in one study, showed that 70% of patients were able to be successfully downstaged using LRTs including TACE [54] .
More recently, the development of DEB-TACE has become a more active field of research ( Fig. 3 ). The main theory behind this technology is predicated on the concept that a longer and more sustained release of chemotherapy would yield better treatment results [55] . DEB-TACE also leads to fewer postembolization side effects than cTACE, less hepatic abscesses, and less doxorubicin-induced cardiotoxicity [56] [57] [58] [59] . Multiple studies have evaluated the efficacy of cTACE compared to DEB-TACE with differing results. Lammer et al. [60] found a significant improvement of response rates in Child-Pugh score B patients and those patients with bilobar disease treated with DEB-TACE. Golfieri et al. [59] also demonstrated equal efficacy when DEB-TACE was compared with cTACE in a randomized control trial.
Transarterial radioembolization consists of embolization of target lesions via microspheres loaded with yttrium-90 (Y-90), a radioactive isotope [61] . This technique utilizes the same concept as chemoembolization in that the blood supply of HCC and the embolization of the tumor with beads loaded with radioactive isotopes allow for higher doses of radiation to be delivered directly to the target lesion. Radioembolization simultaneously decreases radiation dosing to the healthy liver tissue and surrounding structures [61] [62] [63] . Y-90 is most commonly utilized in advanced HCC and intermediate-HCC that are poor candidates for TACE or ablation; an example of a patient treated with this modality can be seen in Figure 4 . One study utilizing Y-90 in HCC patients showed a significant difference in survival between Child-Pugh A (17.2 months) compared to Child-Pugh B (7.7 months) [64] . Presence of portal vein thrombosis (PVT) was also shown to decrease survival times after radioembolization in this study [64] . Mazzaferro et al. [65] also looked at Y-90 treatment of intermediate or advanced HCC patients. The study showed a median time-to-progression of 11 months and showed no significant difference between PVT and no-PVT. One interesting study by Salem et al. [66] compared cTACE with Y-90 in intermediate HCC patients. Time to progression was significantly longer in the Y-90 cohort. A recent meta-analysis showed that Y-90 yielded significant improvement in OS and time-to-progression when compared to TACE [67] . The use of sorafenib in locally advanced HCC has also been compared with Y-90 in this patient population. Both the SARAH and SIRveNIB trials compared radioembolization with sorafenib and showed that there was no significant difference in OS between the two treatment methods [68, 69] . 
Combination Therapies
The combination of local and systemic therapies has been studied to assess for increased response rates and OS benefit. Sorafenib, the most commonly used and FDA-approved systemic chemotherapy regimen for advanced HCC, has been considered in conjunction with LRTs [70, 71] . One study looked at the utility of combining sorafenib with Y-90 radioembolization in HCC patients. The study showed a median OS of 19.5 months, which is an improvement when compared to those patients treated with sorafenib alone in similarly designed studies [72] . Park et al. [73] looked at the combination of TACE and sorafenib and determined that the overall time-to-progression was 7.1 months, and that the median OS rate was 20.8 months.
A study by Pawlik et al. [74] explored the safety of DEB-TACE in conjunction with sorafenib and deemed the combined treatment to be similar to the safety of sorafenib alone, as most side effects were related to sorafenib dosing. Multiple studies evaluating the use of ablation in combination with transarterial therapies have been completed. Morimoto et al. [75] studied 37 patients with intermediate HCCs and showed that those patients receiving combination RFA and TACE had decreased local tumor progression rates. Veltri et al. [76] assessed survival in 51 lesions treated with RFA after TACE, yielding an 89.7% survival at 1-year follow-up. Lencioni et al. [77] studied 20 HCC patients treated with RFA followed by DEB-TACE and yielded a 60% complete response rate after both therapies were administered.
There have also been a few studies that looked at the combination of HAIC with systemic therapy, though the data are conflicting and sparser. A randomized phase II trial completed by Ikeda et al. [78] showed an increased median survival in the group that received systemic sorafenib and HAIC with cisplatin as compared to sorafenib alone (10.6 vs. 8.7 months, p = 0.031). However, the SILIUS study showed no improvement in median OS in a phase III randomized clinical trial comparing sorafenib alone with sorafenib plus HAIC [79] .
Future Directions of LRTs
The overall 5-year survival of patients with liver cancer in the US has increased from 5% in 1987-1989 to 18% in 2005-2011 [80] . Substantial contribution to this improvement can be attributed to the development and establishment of LRTs, as discussed in the sections above, which are still lagging behind initial expectations. Therefore, new and more efficient treatment approaches are absolutely warranted to further improve treatment outcomes. In the following section a brief overview of potential new approaches will be outlined.
DEB: Beyond Loading of Conventional Antineoplastic Drugs
Drug delivery via DEB increases intratumoral drug accumulation for a prolonged period of time while limiting systemic drug exposure and side effects compared to systemic administration [81] . These compelling pharmacokinetics have sparked interest in the research community to go beyond loading of conventional chemotherapeutic agents.
Loading of Tyrosine Kinase Inhibitors
To date, several tyrosine kinase inhibitors (TKIs) have been successfully loaded on the widely clinically used DC Bead ® (BTG, London, UK) in preclinical studies. The multitargeted TKI sunitinib has been demonstrated to rapidly load onto DEB with an elution half-life time of 1.1-1.6 h for 70-150 and 100-300 μm DEB, respectively. A total elution of up to ∼80% in vitro has been reported, which would potentially allow for higher intratumoral concentrations than achieved by systemic administration [82, 83] . This is especially interesting considering the observed direct cytotoxic effect observed in Hep G2 cells when coincubated with sunitinib-loaded DC Bead ® in vitro [82] . In vivo testing in New Zealand white rabbits has demonstrated high intrahepatic sunitinib concentration with relatively low drug plasma level, again indicating its potential use in HCC therapy [83] . In a follow-up study, intra-arterial injection of sunitinib DEB demonstrated tumor growth arrest within 2 weeks, while oral sunitinib therapy and bland DEB (embolization with unloaded beads) injection demonstrated a tumor growth of +1,583% and +42%, respectively [84] .
Vandetanib, a multi-TKI of VEGFR tumor angiogenesis and EGFR & RET-dependent inhibitor of proliferation, could be loaded onto both conventional DC Bead ® and the radi-opaque DC Bead LUMI TM with 30 and 135 mg/mL, respectively. In vitro eluting mostly occurred within the first 2 h with slightly more than 40 and 80% of the loaded amount for DC Bead ® and the radiopaque DC Bead LUMI TM , respectively [85] . In a healthy porcine model, vandetanib DEB-TACE of the liver was well tolerated and was shown to achieve therapeutic concentrations for up to 30 days after administration with low systemic spillage [86] .
Loading of Bevacizumab
In in vitro experiments, Sakr et al. [87] managed to coat the anti-VEGF antibody bevacizumab in high amounts on DC Bead ® , while mostly preserving the biologic activity after its release in vitro. Yet, further studies in vivo are warranted to test stability and treatment effect.
Loading with Newly Designed Targeted Drug Compounds
With the development of the targeted drug compound SW43-DOX, a different approach at improving treatment efficacy has been taken. SW43-DOX is composed of the chemotherapeutic agent doxorubicin and the sigma-2 receptor agonist SW43 [88] . The sigma-2 receptor is overexpressed in many cancer types including pancreatic cancer, colorectal carcinoma, breast cancer, lung cancer, and melanoma as well as in HCC. Aside from allowing for HCC targeting, SW43 also exerts a profound antineoplastic treatment effect which synergistically acts with antineoplastic drugs such as doxorubicin and exceeds the treatment effect of either drug alone [88] [89] [90] . Moreover, via the doxorubicin moiety, the compound can be easily loaded onto DEB for intra-arterial tumor delivery [88] . In one study, SW43-DOX was complemented with the chelator L-NETA and therefore suitable for loading several radioisotopes such as, e.g., Lutetium 177 and Yttrium 90/89 [91] . When loaded onto DEB, this drug compound embodies the concept of a "Targeted Radiochemoembolization Drug-Eluting Bead" therapy which combines four modes of antineoplastic actions: (A) hypoxic cell death via DEB vessel occlusion, (B) cancer targeting and cell death induction via SW43, (C) doxorubicin as antineoplastic agent, and (D) radiation therapy. Preliminary safety evaluations with SW43-DOX-L-NETA( 89 Y)-DEB in rabbits bearing VX2 liver tumors demonstrated its feasibility and safety as well as indicated its positive treatment effects [91] .
Overall, loading DC Bead ® with TKIs, bevacizumab, or targeted drug compounds broadens the spectrum of treatment opportunities for DEB-TACE. In addition to the above-discussed advances using DC Bead ® , various other embolic microspheres and beads for the treatment of HCC have been discussed in depth in a recent review by Fuchs et al. [81] .
Immunotherapeutics: A New Direction for LRTs
For immunotherapy, HCC is an attractive target due to its immunological properties such as chronic inflammation, immunosuppressive environment, and immune evasion [92] .
Oncolytic Viruses
Despite many tested oncolytic viruses (OVs) in preclinical studies, only a few have successfully made it into clinical trials, with JX-594 (Pexa-Vec; Jennerex Inc.) being the best studied in HCC. JX-594 is a modified poxvirus with an inserted human granulocyte-macrophage colony-stimulating factor (hGM-CSF) gene. The mode of action does not only involve direct cell lysis of invaded cancer cells but also stimulates an anticancer immune response by (A) making tumor antigens abundantly available and (B) modifying immune response by expression of hGM-CSF [92] [93] [94] [95] . JX-594 can be injected intravascularly or directly into the tumor. In clinical studies, JX-594 demonstrated high tolerability with hyperbilirubi-nemia as the limiting toxicity factor (maximum tolerated dose: 1 × 10 9 plaque-forming units [PFU]) [94] . It showed induction of antivascular cytokines and suppressed HBV replication and a statistically prolonged median survival for higher treatment doses (high dose [10 9 PFU] vs. low dose [10 8 PFU]: 14.1 vs. 6.7 months, p = 0.02) [94] . Interestingly, intrahepatic tumor control (50%) was similar in injected and noninjected tumors at both doses, demonstrating a systemic treatment effect after LRT [93] . JX-594 and sorafenib have a complimentary mode of action, which was investigated in a 3-patient pilot study, where sorafenib was given after failure of JX-549 therapy. In all 3 patients, stable disease was achieved with sorafenib [95] .
Currently, several studies are underway investigating JX-549 in sorafenib-naïve patients (NCT01636284), after failure of sorafenib therapy (NCT01387555), in combination with sorafenib (NCT02562755), or in combination with nivolumab (NCT03071094).
Talimogene laherparepvec (T-VEC, Amgen), another OV, was approved for unresectable stages of melanoma (Stage IIIB/C and IV) in October 2015. A phase I study in patients with HCC and liver metastases where T-VEC is injected directly into the liver lesions is currently underway (NCT02509507). Apart from OVs, many other, mostly systemic, immunotherapeutic approaches including, e.g., dendritic cells are being tested and have been discussed in depth in a recent review [96] .
Immune Checkpoint Inhibitors in Combination with LRTs
In recent years, cancer treatment with antibodies targeting CTLA-4 and/or PD-1/PD-L1 surface proteins alone or in combination have emerged as a promising treatment approach in patients with metastatic disease by stimulating an effective systemic immune response against tumor cells. Several studies have reported promising partial response rates since approval of nivolumab by the US Food and Drug Administration as a second-line therapy for HCC. Reports have shown partial response rates ranging from 14.8 to 26.3% in addition to disease control rates ranging from 62.5 to 81.8% [97] [98] [99] [100] [101] [102] . Currently ongoing randomized control trials are looking into the efficacy of nivolumab as a first-line therapy when compared to sorafenib [103] . LRTs such as TACE, selective internal radiation therapy (SIRT), and thermal ablation can increase tumor immunogenicity by inducing inflammation and by releasing increased amounts of tumor-associated antigens, which can result in an increased systemic antitumor immune response with tumor infiltrating cytotoxic CD8+ T cells. However, the observed antitumoral treatment effect of LRTs alone is usually negligible and only led to significant tumor regression in several reported cases [97, 101, 104, 105] .
In several preclinical studies, the combination of LRTs with immune checkpoint inhibitors has demonstrated increased antitumor immune response (Fig. 5 ), making it a promising combination [104] . A recent study in humans evaluated the combined treatment efficacy of the anti-CTLA-4 antibody tremelimumab together with either subtotal TACE (BCLC B patients) or thermal ablation (BCLC C patients). Here, the partial response rate was 26.3%, the median time to progression was 7.4 months, and the median OS was 12.3 months. Six-week tumor biopsies in responding lesions not treated by LRTs demonstrated a significant increase in CD3+ and CD8+ immune cell infiltration compared to nonresponding lesions. Moreover, 85.7% of patients with active HCV infection experienced a marked reduction in viral load [99] . Currently, several studies are underway evaluating the combination of nivolumab with SIRT (NCT03380130, NCT03033446, 02837029), pembrolizumab with SIRT (NCT03099564), and nivolumab with TACE (NCT03143270).
Conclusion
Despite the treatment success of current LRTs, development of new drugs and treatment approaches as well as the combination of LRTs with systemic therapies may further improve response and OS rates in HCC treatment. Initial results from studies combining conventional LRTs with immunotherapies demonstrated especially promising results, with several active studies being greatly anticipated. Also, the increasing number of available therapies may offer the opportunity to better tailor treatment approaches to patients according to the etiopathology (e.g., viral vs. nonviral) as well as the physical performance status and remaining liver function of patients. Overall, new study results will most likely result in a paradigm shift, definitively changing the current conventional treatment algorithms of HCC therapy.
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